Investigation of the electronic structure in La<sub>1-<i>x</i></sub>Ca<sub><i>x</i></sub>CoO₃ (<i>x</i> = 0, 0.5) using full potential calculations by Sahnoun, Mohammed et al.
ht
tp
://
do
c.
re
ro
.c
h
Investigation of the electronic structure in
La1−xCaxCoO3 (x = 0, 0.5) using full potential
calculations
M Sahnoun1,3, C Daul1, O Haas2 and A Wokaun2
1 Chemistry Department, University of Fribourg, Perolles, CH-1700 Fribourg, Switzerland
2 Department General Energy, Paul Scherrer Institut, CH-5232 Villigen, Switzerland
E-mail: mohammed.sahnoun@unifr.ch
Abstract
The electronic and magnetic properties of both LaCoO3 and La0.5Ca0.5CoO3
have been investigated by means of ab initio full-potential augmented plane
wave plus local orbitals (APW + lo) calculations carried out with the Wien2k
code. The functional used is the local-density approximationLDA+U . Doping
with Ca2+ introduces holes into the Co–O network. We analyse the densities
of states and we conﬁrm that the intermediate state (IS) is stabilized by the
Ca2+ substitution. This intermediate state in our results turns out to be metallic,
and has a large density of states at the Fermi energy. The calculated magnetic
moment in La0.5Ca0.5CoO3 is found to be in good agreement with experiment.
(Some ﬁgures in this article are in colour only in the electronic version)
1. Introduction
LaCoO3 has been extensively studied in connectionwith the spin-state transition [1–11]. Spin-
polarized calculation on the hypothetical cubic perovskite phase of LaCoO3 showed that the
ferromagnetic phase is lower in energy than the corresponding nonmagnetic phase [41]. We
take the model with the highest symmetry and the smallest unit cell. The magnetic and
the electric properties of La1−xCaxCoO3 system have also been reported [13–24], and it has
been conﬁrmed that the intermediate state (IS) is stabilized by the Ca2+ substitution, and the
magneto-transport properties can be interpreted as a ferromagneticmetals of itinerant electrons
with strong electron–electron correlations. Muta et al [16] have also argued that the observed
ferromagnetic saturation moment of 1.2 μB in metallic La1−xCaxCoO3 (x = 0.2–0.5) is due
to stabilization of the IS state. However, the reported data alone are not sufﬁcient to explain
the quantitative effects of the Ca substitution on LaCoO3. Therefore, a careful comparison of
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the magnetic and electronic properties of LaCoO3 and La0.5Ca0.5CoO3 will be useful to assess
the role of the hole-doping in stabilizing the intermediate spin (IS).
To evaluate the physical properties of both LaCoO3 and La0.5Ca0.5CoO3 compounds, a
theoretical study of the electronic structure and of the magnetic properties is presented using
the full potential linearized augmented plane wave (FP-LAPW) method. In this approach, the
LDA + U approximation is used for the exchange–correlation energy.
This choice of stoichiometry results in several potential advantages. A doping level of
x = 0.5 eliminates any possible effects of chemical inhomogeneity, since the cations are
ordered [25] for x = 0.5; this is not the case for x < 0.5 [26–28]. Ca is chosen as the dopant
since La3+ and Ca2+ have virtually identical ionic radii (1.36, 1.34 Å, respectively [29]), thus
eliminating any possible effect of localized lattice distortions. Ravindran et al [30] have found
that the energy barriers between LS and HS as well as between IS and HS are very large in
LaCoO3, and have concluded from supercell calculations on hole doped La1−xSrxCoO3 that
the Co ions have almost the same spin polarization. Hence theory rules out the possibility of
stabilizing a mixed-spin state such as LS and HS, IS and HS or the combination of these by
temperature/hole doping.
We have found that the nonmagnetic insulating behaviour of LaCoO3 is in agreementwith
experiment and also with previous calculations. In the case of La0.5Ca0.5CoO3, we obtain an
intermediate-spin state which turns out to be metallic as well. We hope that this information
will eventually lead to a better understanding of LaCoO3 and of similar materials.
2. Details of the calculation method
The unit cell of LaCoO3 is a slightly distorted perovskite that could be indexed with
rhombohedral (R3¯c) structure, consisting of two formula units (f.u.) each containing one
La, one Co and three O atoms. The structure is almost cubic, thus we adopt the model with
the highest symmetry and the smallest unit cell which is the cubic structure (Pm3¯m). The
cell geometry optimization is used to obtain the optimal lattice constants for both systems
considered in this paper. In table 1, we present our results for the equilibrium lattice constants.
Calculations were carried out with the full potential linearized augmented plane wave (FP-
LAPW) method implemented in the Wien2k code [31]. In the LAPW method [32–34] the
unit cell is divided into two types of regions, the atomic spheres centred upon nuclear sites
and the interstitial region between the nonoverlapping spheres. Inside the atomic spheres,
the wavefunctions are replaced by atomic-like functions, while in the inter-sphere region the
wavefunction of aBloch state is expanded in planewaves. The charge density and the potentials
are expanded into lattice harmonics up to l = 6 inside the spheres and into a Fourier series
in the interstitial region. We have included the local orbitals [34, 35] for La 5s, 5p, Ca 3s,
3p, Co 3p and O 2s. The convergence of the basis set is controlled by a cut-off parameter
Rmt · kmax = 7 where Rmt is the smallest atomic sphere radius in the unit cell and kmax is the
magnitude of the largest k vector. To ensure convergence for the Brillouin zone integration
84 k-points in the irreducible wedge of the ﬁrst Brillouin zone (IBZ) were used for the cubic
structure (even half the number of thesek-points gave the correct result qualitatively). A similar
density of k-points is used in the supercell calculations. The integrals over the Brillouin zone
are performed using the Monkhorst–Pack special k-points approach [36]. Self-consistency is
achieved by demanding the convergence of the total energy to be smaller than 10−5 Ryd/cell.
This corresponds to a convergence of the charge to be lower than 10−4 electrons/atom. For
all calculations the sphere radii used are 2.73, 2.73, 1.80 and 1.60 Bohr for La, Ca, Co and
O, respectively. For the exchange–correlation potential the standard L(S)DA (local (spin)
density approximation [37]) or the GGA (generalized gradient approximation [38]) based
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Figure 1. The total (in states/eV cell) densities of states obtained in both LDA (solid line) and
GGA (dashed line) calculations for LaCoO3.
methods cannot describe the magnetic state for LaCoO3 without taking into account Coulomb
interaction between 3d electrons as demonstrated in [7]. However, analysis of theLSDA(GGA)
results (ﬁgure 1) is instructive for understanding of the basic electronic structure of lanthanide
cobaltite perovskites, but these methods produce an unphysical metallic character due to the
fact that crystal ﬁeld and electronic structure effects are not sufﬁcient in this case to open a gap.
To improve the description of Co 3d electrons, we thus use the LDA +U method as described
by Anisimov et al [39]. Although LSDA (GGA) calculations are generally ab initio, LDA+U
calculations are not fully ab initio since values of the Hubbard parameter U and the exchange
parameter J must be inserted. These can either be taken from experimental or estimated values
using the restricted LSDA (GGA) supercell calculation. As shown recently [40] the exact value
of U depends on the computational method and the approximationsmade when estimating U .
However, it is generally agreed that for this type of compound the value of U is in the range of
several eV up to about 8 eV. In the present study we assumed U to be 6 eV, in which the total
moment (M) is zero and stabilizing a nonmagnetic phase of LaCaO3 (ﬁgure 2), but checked
how the results depend on U and found that for U  2.5 eV we basically recover the LSDA
(GGA) solution. For larger values of U (U  6.5 eV), the ferromagnetic solution remains
stable. This choice of U = 6 eV also gives reasonable magnetic moment for La0.5Ca0.5CoO3.
We want to stress that all our conclusions in this argument do not depend on U as long as it is
chosen in a reasonable range. The value of J is ﬁxed to 0.5 eV. The main effect of LDA + U
potential correction is the energy splitting between occupied and empty states in such a way
that the former are pushed down and the later pushed up comparing with LSDA (GGA).
3. Results and discussions
In table 1, we present our results of the equilibrium lattice constants for LaCoO3 and
La0.5Ca0.5CoO3. As is well known, LSDA generally underestimates, but GGA overestimates,
the equilibrium lattice parameter. We have also found that in both cases the band structure
remains the same near the Fermi energy (ﬁgure 1).
The Co 3d states are very important and deserve to be discussed in more detail because
they determine the magnetic properties. We use the concept of t2g and eg orbitals, as referred
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Figure 2. Energy gap and local magnetic Co moment versus U value using the LDA + U
approximation in LaCoO3.
Table 1. Lattice parameter, energy gap, character of the energy spectrum, occupancies of various
d orbitals of Co, and magnetic moments for Co. All calculations shown are performed within the
LSDA or LDA + U .
d occupancies
a0 Energy gap μd−Co
Compound (Å) (eV) eg t2g Total (μB)
LaCoO3 7.082 (LDA) 1.06 ↑,↓ 1.05 5.41 6.46 0
t62ge
0
g (low spin)
La0.5Ca0.5CoO3 6.696 (LDA) 0 ↑ 1.03 2.66 6.15 1.2
t52gσ
∗ (intermediate spin) ↓ 0.49 1.97
to in the cubic setting in the following discussion. In an octahedral crystal ﬁeld the d electrons
will be split into doubly degenerate eg and triply degenerate t2g levels. The t2g and eg projected
density of states of Co in the cubic phases of LaCoO3 and La0.5Ca0.5CoO3 are represented in
ﬁgures 3 and 4 respectively.
Considering the density of states (DOS) for LaCoO3, as shown in ﬁgure 3, it is distributed
in the energy range from −21 to 14 eV. The top panel represents the total density of states.
The partial densities of states for Co and O atoms are shown in associated panels. The Fermi
energy is set to zero. There are two main peaks below the Fermi energy, they originate mostly
from the occupied t2g band and from the O p orbitals, the eg band is nearly unoccupied just
above the Fermi energy. The O p andCo d states are mixedwith each other in the valence band.
By contrast, the La spectral weight contributes mainly to the unoccupied electronic states in
the conduction band. This suggests that La has more ionic character and is stabilized by the
Madelung potential,whereas the covalent contribution to the bonding ismore prominentwithin
the Co–O octahedra. The sharp feature at 5 eV above the Fermi level corresponds to the La 4f
band and the DOS segment at 4–8 eV is composedmainly of La 5d states. This is in agreement
with the conﬁguration of the low-spin state and with photoemission experiments [24]. The
large peak below the Fermi level corresponds to the Co t2g bands. These relatively nonbonding
states produce weak Co–O–Co interactions which give rise to a narrow band. By contrast,
the Co eg states produce very strong Co–O–Co interactions which give rise to a much larger
dispersion, and result in the broader eg band. The simple ligand ﬁeld model predicts that
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(a)
(b)
(c)
Figure 3. The total (in states/eV cell) and partial (in states/eV atom) densities of states obtained in
LDA +U calculations for LaCoO3 with Co ions in the low-spin state. For the Co d partial density
of states, the solid (blue) line denotes t2g orbitals, and the dot–dashed line (red) eg orbitals. The
Fermi level is denoted by the vertical solid line.
for the LS state of LaCoO3 the t2g levels are completely ﬁlled and the eg states completely
empty. In our calculation, however, the eg states are distributed over the entire valence and
conduction bands, and these eg orbitals partly fall below the Fermi level and are mixed with
the t2g orbitals. The lobes of the t2g orbitals point between the oxygen ligands, whereas the eg
orbitals point directly toward the ligands. Hence, the overlapwith O 2p orbitals will be greater
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Figure 4. The total (in states/eV spin cell) and partial (in states/eV spin atom) densities of states
obtained in LDA + U calculations for La0.5Ca0.5CoO3. Arrows corresponds to spin-up and spin-
down spin projections. The other notations are the same as in ﬁgure 3.
for the eg states, and the increased overlap results in local repulsion between overlapping charge
densities. This repulsive interaction pushes the eg orbitals to higher energy. However, some
of the repulsion is compensated by hybridization in the resulting bonding states, which in turn
leads to a considerable amount of eg state in the conduction band. The calculations show that
EF lies in the vicinity of the sharp nonbonding t2g peak for the Co 3d electrons of the ground
state LS conﬁguration.
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Unlike LaCoO3 the Co 3d t2g states for spin-polarized La0.5Ca0.5CoO3 are well separated
from EF, hence stabilizing the ferromagnetic state. This is evident from the DOS curve for
La0.5Ca0.5CoO3 shown in ﬁgure 4, where the ferromagnetic state with a magnetic moment
of 1.2 μB is obtained. One sees that the partial density of states for the Co t2g orbitals in
La0.5Ca0.5CoO3 is very different from that in LaCoO3. The major peak near the top of the
valence band in LaCoO3 is now split into two subbands because of the exchange ﬁeld, where
one moves upwards towards the Fermi energy while the other moves deep below the Fermi
energy. The partial density of states of Co eg orbitals in La0.5Ca0.5CoO3 is not so different from
that of LaCoO3 except for strong broadening. According to our ferromagnetic spin-polarized
calculations, we assign a moment of 1.2 μB to the IS state, which is in good agreement with
experiment [16]. From our calculations the IS state turns out to be metallic. The reason for
the metallic behaviour of the IS state is that the bands formed by eg orbitals are broad and
the band splitting is not strong enough to create a gap. DOS for this IS state shows that the
nonbonding t2g electrons are present at EF mainly from spin-down state. Consequently, this
state is energetically more stable than the LS state.
The electronic structure of La0.5Ca0.5CoO3 shows that the doping-induced metallic state
is very similar to that of the high-temperature metallic state of LaCoO3 reported for example
in [41]. Hence, the calculations on hole-doped LaCoO3 are expected to give a better
understanding about the nature of the temperature induced spin-state transition. It is suggested
that the Ca doping favours the IS state by the introduction of Co4+(3d5). The IS state of Co3+
possesses S = 1, namely a maximum magnetic moment of MCo = 2 μB. This corresponds
to the purely ionic model; hybridization of Co 3d orbitals with the O 2p orbital and the
band formation in the solid states can signiﬁcantly renormalize this ionic value. Hence, the
calculated magnetic moment of 1.2 μB is smaller than the ionic value. One of the reasons for
the stabilization of the IS state by hole doping is that the hole doping reduces the ionicity and
enhances the covalent hybridization between Co and O.
The total DOS for LaCoO3 in the LS state (ﬁgure 3(a)) shows that EF is located in a deep
valley, namely in a nonmagnetic state. The contribution of the density of states above the
Fermi energy stems mainly from the t2g electrons. Although the eg bands are rather extended,
their density of states at the Fermi energy is not negligible and they play a signiﬁcant role in
the metallic character of La0.5Ca0.5CoO3.
The appearance of ferromagnetism upon hole doping in LaCoO3 can be understood as
follows: the reduction in valence electrons by the Ca substitution shifts EF to the higher energy
side of the valence band toward the peak position in DOS (ﬁgure 4). As a result, the Stoner
criterion for band ferromagnetism becomes fulﬁlled and the metastable state is stabilized,
which results in ferromagnetism. Moreover, if hybridization with the oxygen band is taken
into account the stability of IS is accounted for.
In table 1 the occupation of different orbitals in both compounds is presented. In LaCoO3,
having a low-spin (LS) ground state, the total eg orbitals, which is formally empty, actually
have an occupancy of about 1.05, resulting in 0.46 additional d electrons above the formal
six-electron conﬁguration. In the case of La0.5Ca0.5CoO3, having an intermediate-spin (IS)
ground state, we have a partially ﬁlled broad σ ∗ band, with the total number of eg electrons
increased by 0.47 as compared to the LaCoO3 compound, and the number of t2g electrons 0.78
less than in LaCoO3, yielding a practically unchanged total number of d electrons. Therefore,
we used the notation σ ∗ in accordance with notation proposed in [12].
Some other points concerning the results obtained are worth mentioning. As one can see
from ﬁgure 3, the occupied states closest to the Fermi energy in LaCoO3 are mainly formed by
oxygen states. However, in the La0.5Ca0.5CoO3 case, which in our calculations is metallic (ﬁg-
ure 4), the states near the Fermi level contain comparableweights of bothCo eg andOp orbitals.
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4. Conclusion
In summary, we have performed full potential LAPW DFT calculations on La1−xCaxCoO3
(x = 0, 0.5). We have investigated the effect of Ca substitution on the electronic structure,
and the interplay of electronic and magnetic properties of these compounds. Our results mean
that the Ca substituting for La introduces hole states above the Fermi level with substantial
Co 3d character and gives the metallic behaviour. The electronic structures predicted by
spin-polarized DFT for both LaCoO3 and La0.5Ca0.5CoO3 are qualitatively correct. We can
also mention that the calculated magnetic moment is found to be in good agreement with
experiment.
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